MEFs. This analysis revealed that a subset of proangiogenic transcripts is preferentially translated in a Perk-dependent manner; these transcripts include VCIP, an adhesion molecule that promotes cellular adhesion, integrin binding, and capillary morphogenesis. Taken with the concomitant Perk-dependent translational induction of additional proangiogenic genes identified by our microarray analysis, this study suggests that Perk plays a role in tumor cell adaptation to hypoxic stress by regulating the translation of angiogenic factors necessary for the development of functional microvessels and further supports the contention that the Perk pathway could be an attractive target for novel antitumor modalities.
The presence of hypoxic cells in solid tumors is well documented, and clinical and experimental evidence suggests that the hypoxic microenvironment of a tumor promotes a more aggressive phenotype by selecting for the clonal expansion of apoptotically insensitive cells (28) . Growing tumors are often exposed to heterogeneous environments with regions of solid tumors containing microenvironmental niches deficient of critical metabolites, such as oxygen and glucose (11) . Indeed, low oxygenation can accelerate malignant progression and metastasis, resulting in a poorer prognosis irrespective of the chosen treatment regimen (38) . The ability of tumor cells to survive and adapt to hypoxic microenvionments can be attributed to the regulation of several key mechanisms, including the loss of pathways that can induce cell death (28) , the stimulation of angiogenesis to increase tumor oxygenation (87) , and the capability to strictly regulate energy homeostasis (37) . Energy conservation is crucial to cellular survival, as ATP production is diminished by the lack of oxidative phosphorylation. Thus, hypoxic stress results in a rapid metabolic shift that favors anaerobic glycolysis and the inhibition of high-energy-consuming processes, including protein translation (75) .
The control of mRNA translation is emerging as an important cellular response to stress that can assert a significant influence on individual gene expression (9, 22, 31, 48, 50, 65, 79) . Hypoxia results in a rapid and reversible inhibition in global protein synthesis to help alleviate energy demands when oxygen and ATP levels are low; however, the exact mechanisms controlling translational regulation are not fully understood. While early responses to hypoxia involve the activation of Perk and transient phosphorylation of the alpha subunit of translation initiation factor 2 (eIF2␣) (7, 9, 51) , translational inhibition appears to occur in distinct phases and to involve multiple pathways (16, 50, 59) . Exposure to hypoxia activates the endoplasmic reticulum (ER)-resident kinase Perk, resulting in the phosphorylation of eIF2␣ and the adaptive modulation of protein synthesis and gene expression through a signal transduction pathway referred to as the integrated stress response (ISR) (35) , an arm of the unfolded protein response (UPR) that facilitates the cellular adaptation to ER stress. Translational repression is mediated by phosphorylation of serine 51 of eIF2␣, resulting in decreased ternary complex formation and, subsequently, decreased translation initiation. An important function of the UPR is to reduce the demand on the protein-folding machinery within the ER to protect the cell from ER stress. Inhibiting translation not only conserves ATP but also helps to decrease the client load in the ER. Translational inhibition paradoxically leads to the selective translation of several mRNAs necessary for the survival and adaptation of cells to cellular stress, including the transcription factor ATF4 (9, 31) . ATF4 transcriptionally activates stress-responsive genes which encode proteins that are necessary to resolve the UPR, including Gadd34, BiP, and CHOP (31, 61) . The physiological significance of Perk signaling is underscored by the observation that Perk Ϫ/Ϫ mice are viable at birth but die quickly due to early onset diabetes caused by the rapid destruction of secretory cells resulting from accumulated unfolded proteins (32) . Furthermore, cells with compromised Perk and eIF2␣ signaling are significantly more sensitive to ER-induced cell death than wild-type cells (32, 33, 84, 102) . The critical role for Perk in tumor cell adaptation to hypoxic stress is underscored by our observation that, in its absence, cells are incapable of initiating the integrated stress response during oxygen deprivation, thus leading to a loss in tumor cell viability (7) . Moreover, Perk Ϫ/Ϫ tumors are substantially smaller than Perk ϩ/ϩ tumors, and they exhibit decreased survival in response to hypoxic stress (7) . In this study, we demonstrate that tumors derived from K-Ras-transformed Perk Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) are not only smaller than wild-type tumors but also appear to have severe limitations in their ability to stimulate angiogenesis. Using a mouse model of angiogenesis, we assessed the significance of Perk within the tumor microenvironment on vessel formation and maturation. We demonstrate that Perk ϩ/ϩ tumors facilitated endothelial cell survival and functional vessel formation, whereas Perk Ϫ/Ϫ tumors formed more nonfunctional, irregularly structured vessels that led to hemorrhaging within the tumor matrix. These findings are supported by a microarray analysis of polysomebound mRNAs, which demonstrated that Perk affects the translation of numerous angiogenic genes during hypoxic stress. Included in the cohort of genes identified was an adhesion protein, vascular endothelial growth factor (VEGF) and type 1 collagen inducible protein (VCIP), that promotes cell adhesion, spreading, and integrin binding within the tumor endothelium (41, 42) . These findings help to establish that Perk is a key posttranscriptional regulator that is capable of inducing the expression of a collection of genes necessary for the cellular adaptation to hypoxic stress. This work further supports the notion that the ISR represents an attractive target for novel antitumor therapies that may help overcome the development of hypoxia tolerance in tumors.
MATERIALS AND METHODS
Cell culture and generation of stable cell lines. Simian virus 40 (SV40)-immortalized and K-Ras-transformed Perk ϩ/ϩ and Perk Ϫ/Ϫ MEFs were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum, 55 M ␤-mercaptoethanol, and 10 M nonessential amino acids. Human dermal microvascular endothelial cells (HDMECs) were cultured in microvascular endothelial cell growth medium (EGM-2MV; Cambrex). The generation of stable clones overexpressing the alkaline phosphatase (AP) protein was as previously described (71) .
Proliferation assay. Five thousand K-Ras-transformed Perk ϩ/ϩ or Perk
MEFs were plated in a 24-well dish. Cells were counted by hemocytometer every 24 h for 5 days. Results are representative of three independent experiments counted in triplicate. Constructs. The bicistronic vectors, beta-galactosidase (␤-Gal)/encephalomyocarditis virus (EMCV)/chloramphenicol acetyltransferase (CAT) (containing the internal ribosome entry site [IRES] for EMCV), ␤-Gal/EMPTY/CAT (empty vector control), and HP-␤-Gal/EMPTY/CAT (hairpin-containing empty vector), were described previously (39, 96) . The human VCIP 5Ј untranslated region (5ЈUTR) was cloned into the XhoI site of the intercistronic region between the ␤-Gal and CAT cistrons in both ␤-Gal/EMPTY/CAT and HP-␤-Gal/ EMPTY/CAT. The VCIP 5ЈUTR deletion constructs were assembled by using a QuikChange II XL site-directed mutagenesis kit (Stratagene) per the manufacturer's instructions.
Hypoxia treatments. All experiments were performed with exponentially growing cells. For all experiments with the exception of polysome fractionation, cells were plated in 60-mm glass culture dishes at a density of ϳ1 ϫ 10 6 cells/plate. After approximately 20 h, the culture dishes were placed in a hypoxic culture chamber (MACS VA500 microaerophilic workstation; Don Whitley Scientific, Shipley, United Kingdom). Hypoxic conditions were achieved with 90% N 2 , 5% CO 2 , and 5% H 2 (anaerobic grade gas) and palladium catalysts to scavenge trace oxygen.
Isolation of polysomes and RNA. Polysome fractionation and RNA isolation were performed as previously described (9) .
Microarray analysis. Microarray analysis was performed as previously described (9) . Briefly, RNA from the high-molecular-weight polysomes (fractions 6 to 10) was pooled from the normoxic samples (hereafter called 0 h poly) and from hypoxic samples (hereafter called 4 h poly). Prior to microarray analysis, RNA from the polysome fractions and the total RNA from the cytoplasmic lysates (0 h total and 4 h total) were purified using an RNeasy kit (QIAGEN, Mississauga, Canada), per the manufacturer's instructions. Twenty micrograms of each RNA sample was processed according to the manufacturer's standard protocol (Affymetrix, Santa Clara, Calif.) and hybridized to an Affymetrix mouse 430_2 gene chip. Data were analyzed using Genespring software (Silicon Genetics, Redwood City, Calif.).
Total cellular changes and polysome analysis. The analysis of total cellular mRNA and polysome-associated mRNAs was performed as described previously (9) . To identify genes that are preferentially translated in a Perk-dependent manner during hypoxic stress, we compared the mean signal intensities of the Perk ϩ/ϩ 0 h poly gene chip to the 4 h poly gene chip and the Perk Ϫ/Ϫ 0 h poly gene chip to the 4 h poly gene chip using a mean cutoff of 1.5-fold. Genes that demonstrated a concomitant increase in total mRNA expression (Ͼ2-fold change in the 4 h total gene chip relative to the 0 h total gene chip) were removed. Using Genespring software (Silicon Genetics), we created Venn diagrams to make a list of hypoxia-responsive translationally regulated candidates that were induced exclusively in the Perk ϩ/ϩ cells relative to the Perk Ϫ/Ϫ cells. Genes were further categorized based on known or proposed molecular functions and sorted by the ratio of 4 h poly signal/0 h poly signal, which was used as a basis for interpreting the efficiency of translation during hypoxic stress.
Quantitative RT-PCR. The aforementioned total and polysomal RNA from hypoxic (4 h) and normoxic treated Perk ϩ/ϩ and Perk Ϫ/Ϫ cells was reverse transcribed (1 g RNA) in the presence of 40 ng of vesicular stomatitis virus RNA encoding the M protein (VSV-M) RNA (a viral transcript used as a control for reverse transcription [RT] efficiency and quantitative PCR [Q-PCR]). Q-PCR was performed in triplicate to amplify all targets by using a FastStart DNA Master SYBR Green I kit (Roche Diagnostics, Laval Canada) per the manufacturer's instructions and a Roche LightCycler thermocycler. Crossing points were converted to absolute quantities based on standard curves generated for each target amplicon. All target signals were subsequently normalized to VSV-M in order to correct for RT-PCR efficiency.
Primers. The primers used were as follows: mGADD34 (forward, CTGCAA GGGGCTGATAAGAG; reverse, AGGGGTCAGCCTTGTTTTCT), mATF3 (forward, CAGAGCCTGGTGTTGTGCTA; reverse, GGTGTCGTCCATCCT CTGTT), mVCIP (forward, CCTCTTCTGCCTCTTCATGG; reverse, GCCAC ATACGGGTTCTGAGT), mGrb10 (forward, CTGGCTGACCTGGAAGAAAG; reverse, TCAGAAACACTGCGCATAGG), mHyou1 (forward, ACCTAGAGAA GCGGGAGAGG; reverse, GCTTGTCCTTCAGCATCACA), mIGFBP2 (forward, ACAACGAGCAGCAGGAGACT; reverse, CAGAAGCAAGGGAGGTT CAG), mMMP13 (forward, ATCCTGGCCACCTTCTTCTT; reverse, TTTCTCG GAGCCTGTCAACT), and mCol6a (forward, CCTGCTCAGCCAGTCCTTAC; reverse, GACTTCTCGGGACACTCTCG).
Q-PCR results are presented as the number of transcripts per g of total RNA or polysomal RNA. Results from each transcript were normalized to an exogenous control mRNA (VSV-M).
␤-Galactosidase and CAT analysis. Cells were washed in phosphate-buffered saline (PBS) and harvested in CAT enzyme-linked immunosorbent assay kit lysis buffer (Roche Molecular Biochemicals) per the manufacturer's instructions. ␤-Galactosidase enzymatic activity in cell extracts was determined as previously described (63) . CAT levels were determined using a CAT enzyme-linked immunosorbent assay kit (Roche Molecular Biochemicals) per the manufacturer's instructions. The relative IRES activity was determined as the ratio of CAT/␤-Gal in a minimum of three independent experiments. Measurement of spurious splicing and cryptic promoter activity. Total RNA was isolated from U2OS cells transfected with the ␤-Gal/EMCV/CAT, ␤-Gal/ EMPTY/CAT, or ␤-Gal/VCIP/CAT reporter plasmid and reverse transcribed using SuperScript II (Invitrogen). Quantitative PCR was performed in triplicate to amplify all targets by using a FastStart DNA Master SYBR Green I kit (Roche Diagnostics, Laval Canada) per the manufacturer's instructions and a Roche LightCycler thermocycler.
Primers used were ␤-Gal (5Ј-ACTATCCCGACCGCCTTACT-3Ј, 5Ј-CTGTAG CGGCTGATGTTGAA-3Ј) and CAT (5Ј-GCGTGTTACGGTGAAAACCT-3Ј, 5Ј-GGGCGAAGAAGTTGTCCATA-3Ј), as described previously (38a) .
Xenograft tumor model. Athymic Nu/Nu mice (Charles River Labs) were subcutaneously injected with 5 ϫ 10 5 transformed Perk ϩ/ϩ and Perk Ϫ/Ϫ MEFs or HT.29Puro and HT.29Perk⌬C cells in 100 l of PBS. Tumors were monitored daily. Final tumor volumes were determined following tumor resection based on the formula V ϭ length ϫ width ϫ depth.
Biodegradable polymer matrix. Porous polylactic acid sponges were a gift of D. Mooney (Harvard) and were prepared as previously described (67) . The day prior to implantation, the sponges were soaked in 100% ethanol for 2 h followed by two washes in PBS. The sponges were soaked overnight in PBS prior to the embedding of cells.
Tumor/endothelial cell sponge implants. Prior to sponge transplantation, 9 ϫ VOL. 26, 2006 Perk MEDIATES TUMOR CELL ADAPTATION TO HYPOXIA 9519 mice were anesthetized with isofluorane, and one sponge was implanted subcutaneously in the dorsal region of each mouse. Twenty-one days after transplantation, the mice were sacrificed and the implants were retrieved. The implants were fixed overnight in 10% buffered formalin at room temperature. Sponges were cut in half, and one half was stained for alkaline phosphatase. Unstained sections were paraffin embedded for subsequent histological evaluation. Staining for alkaline phosphatase. Following fixation, sponges were washed three times in PBS at room temperature and once in PBS at 65°C for 30 min to inactivate any endogenous phosphatase activity. This was followed by a wash in AP buffer (100 nM Tris HCl [pH 8.5], 100 mM NaCl, 50 nM MgCl 2 ) for 10 min at room temperature. The sponge slices were stained in a solution of BCIP (5-bromo-4-chloro-3-indolyl-phosphate)/nitroblue tetrazolium chloride (Sigma) overnight at room temperature in the dark. The reaction was stopped with 20 mM EDTA in PBS, and the slices were embedded in paraffin for histological evaluation. Four-micron sections were obtained, counterstained with eosin, and visualized using an Olympus BX50 light microscope. Pictures were captured with a Nikon Coolpix 100 digital camera.
Statistics. Unless otherwise noted, data are reported as means Ϯ standard deviations. Statistical significance was determined using Student's t test where appropriate, and P values of less than 0.05 were considered significant.
RESULTS

Perk contributes to tumor growth and angiogenesis in vivo.
Inactivation of ISR signaling by mutations in the ER kinase Perk (dn-Perk⌬C, Perk Ϫ/Ϫ MEFs) and the translation initiation factor eIF2␣ (eIF2␣ S51A ) impairs cell survival and results in diminished tumor growth in vivo, suggesting that the pres- (Fig. 1D) . However, upon resection, these tumors were also small and appeared poorly vascularized. Similar observations were made previously for nude mice implanted with HT29 cells expressing a dominant negative mutant allele of Perk (C. Koumenis, unpublished observations). Whether the growth of Perk Ϫ/Ϫ tumors is limited solely by an increase in their apoptotic index, as previously suggested, or if a compromised ability to induce adaptive pathways, including angiogenesis, has a measurable effect on tumor growth had not yet been elucidated prior to this study. In vitro growth kinetic studies demonstrated that K-Ras-transformed Perk Ϫ/Ϫ MEFs displayed growth kinetics similar to those of Perk ϩ/ϩ MEFs, if not more advantageous (Fig. 1C) ; therefore, differences in tumor growth are not due to differences in in vitro proliferation rates. We would thus hypothesize that the differential responses of Perk ϩ/ϩ and Perk Ϫ/Ϫ cells to the tumor microenvironment influences their survival, growth, and adaptive potential.
Perk affects endothelial cell survival and vessel formation in vivo.
In order to study how Perk expression modulates angiogenesis and affects tumor growth, we used a mouse model of angiogenesis in which polylactic acid sponges seeded with KRas-transformed Perk ϩ/ϩ or Perk Ϫ/Ϫ cells along with AP-HDMECs were subcutaneously implanted in nude mice. Perk expression resulted in a higher intratumoral vascular density of AP-expressing human microvessels ( Fig. 2A and B) . Interestingly, the microenvironment provided by the Perk Ϫ/Ϫ tumors resulted in significantly fewer functional AP-expressing human microvessels (Fig. 2B ). Although AP-HDMEC cells formed tubule structures, the endothelial cells remained cuboidal in shape, and the centers of many of these tubules remained filled with other AP-HDMEC cells ( Fig. 2A) , suggesting that the consequence of disrupting Perk signaling within the tumor microenvironment results in disrupted angiogenic signals that prevent the appropriate organization and maturation of HDMECs into functional vessels (Fig. 2B ). This account is further supported by the repeated observation that masses of red blood cells, in the absence of any discernible vessels, can be seen permeating the tumor matrix, perhaps due to leaky and incomplete vascular assembly ( Fig. 2A , green arrows) along with the observation that Perk Ϫ/Ϫ tumors are frequently highly hemorrhagic (Fig. 1D) . These studies suggest that the tumor microenvironment provided in a Perk-expressing tumor can promote endothelial cell survival and vascular maturation, resulting in functional vessel formation, tumor growth and, ultimately, the development of hypoxia tolerance.
Microarray analysis of polysome-bound mRNAs reveals a role for Perk in the translational regulation of angiogenic genes during hypoxic stress. We performed a microarray analysis of polysome-associated Perk ϩ/ϩ and Perk Ϫ/Ϫ SV40-immortalized MEFs in order to identify a cohort of genes that are translationally regulated by Perk, which may play an essential FIG. 3 . Translational inhibition in response to hypoxic stress is reduced in Perk Ϫ/Ϫ MEFs. Polysome profiles (absorbance at 254 nm) in cell lysates fractionated by sucrose density ultracentrifugation. SV40-immortalized Perk ϩ/ϩ and Perk Ϫ/Ϫ cells were exposed to hypoxic stress for 4 h or left untreated (0 h). Cells were treated with cycloheximide (100 g/ml) (37°C, 3 min) and lysed in a Triton X-100 buffer (4°C). Cell lysates were layered on a 10-ml continuous sucrose gradient (10 to 50%) and ultracentrifuged in an SW-41 rotor 39K for 90 min. The positions of the polysomes and ribosomal subunits are indicated. The increase in monosome-bound transcripts and ribosomal subunits, combined with the decrease in polysomes apparent in the hypoxia-treated cells, is indicative of decreased protein translation.
VOL. 26, 2006 Perk MEDIATES TUMOR CELL ADAPTATION TO HYPOXIA 9521
on February 20, 2013 by PENN STATE UNIV http://mcb.asm.org/ role in the adaptive response to hypoxic stress. We isolated mRNAs from the high-molecular-weight polysomes (fractions 6 to 10) and total cellular mRNAs from SV40-immortalized Perk ϩ/ϩ and Perk Ϫ/Ϫ MEFS exposed to normoxia or severe hypoxia (4 h, Ͻ0.01%) (for brevity, hypoxia in the text denotes severe hypoxia). The optical density polysome profiles are shown in Fig. 3 and demonstrate a significant inhibition in protein synthesis following hypoxic stress, as evidenced by a reduction in polysome-associated mRNAs and by the accumulation of free mRNA and rRNA, with a considerable increase in the monosome peak. Although Perk Ϫ/Ϫ cells demonstrate an inhibition in translation during hypoxic stress, this response is notably stronger in Perk ϩ/ϩ cells, which demonstrate a more significant decrease in polysome-associated messages ( Fig. 3 ; compare Perk ϩ/ϩ 4 h polysomes to Perk Ϫ/Ϫ 4 h polysomes). That this observation has been reported by several groups (7, Results of microarray analyses to identify transcripts that were associated exclusively with high-molecular-weight polysomes in SV40-immortalized Perk ϩ/ϩ MEFs following an acute response to hypoxic stress (4 h). Genespring 5.0 software was used to compare the relative expression of polysome-bound mRNAs from Perk ϩ/ϩ and Perk Ϫ/Ϫ MEFs following acute normoxia (0 h poly) or hypoxia (4 h poly)-treated cells. Genes were exclusively induced Ͼ1.5-fold in the polysomes of Perk ϩ/ϩ MEFs (4 h poly/0 h poly signal) and showed either a decrease or no significant change in their polysome association in Perk Ϫ/Ϫ MEFs (4 h poly/0 h poly signal). Candidates that demonstrated less than a twofold change in total cellular mRNA (4 h total/0 h total signal) were considered for further analysis. These genes were functionally clustered, and subsets of them are represented in this table. References are given for candidates with a described role in angiogenesis.
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on February 20, 2013 by PENN STATE UNIV http://mcb.asm.org/ 59) substantiates an essential role for Perk in the regulation of translation initiation during acute hypoxic stress. We used microarray analysis to compare the gene expression profiles from total cellular mRNAs and polysome-associated mRNAs from the Perk ϩ/ϩ and Perk Ϫ/Ϫ SV40-transformed MEFs. We tailored our analysis to identify genes that displayed a hypoxiaand Perk-dependent increase in their translational efficiency as determined by their induced presence in the polysomes without a large change in total cellular mRNA levels. Successful candidates displayed an induced polysome association in Perk ϩ/ϩ cells without a concomitant induction in the total cytoplasmic mRNA pool, while polysome-associated gene expression in Perk Ϫ/Ϫ cells remained unchanged or decreased in response to hypoxic stress (see Fig. S2 in the supplemental material). Additionally, we sought genes that were translationally repressed by hypoxic stress in Perk ϩ/ϩ cells and demonstrated translational induction in Perk Ϫ/Ϫ cells. Genes that met these requirements were functionally clustered and are displayed in Table 1 .
Data from our microarray substantiated the observations made with the Perk Ϫ/Ϫ tumors, as our analysis identified the Perk-dependent differential regulation of a cohort of proangiogenic genes. Therefore, the disruption of Perk within the tumor microenvironment may result in aberrant angiogenic signals from multiple pathways, thereby contributing to the development of poorly vascularized tumors. Notably, many of the genes identified by this analysis have been implicated in multiple pathways involved in tumor angiogenesis, including cell-cell adhesion, matrix remodeling, and extracellular matrix proteolysis.
VCIP and other angiogenic factors are efficiently translated during hypoxic stress in Perk ؉/؉ cells. We used Q-PCR to verify the translational regulation of six candidate genes identified by our microarray analysis ( Fig. 4 and 5 ; see Fig. 4C ). It has been reported that VCIP exhibits a strong transcriptional induction in response to growth factors and cytokines in endothelial cells and epidermoid carcinomas (42) ; however, to our knowledge, this is the first report describing the posttranscriptional regulation of VCIP. Remarkably, Perk Ϫ/Ϫ cells were incapable of eliciting either a transcriptional or a translational induction in VCIP expression in response to hypoxic stress (Fig. 4) . Similarly, Perk ϩ/ϩ cells demonstrated a differential translational induction of other genes involved in the regulation of angiogenesis, including MMP13, a metalloprotease that has been implicated in tumor invasion. The translational induction of MMP13 is evidenced by the recruitment of its mRNAs to the polysomes exclusively in Perk ϩ/ϩ cells in response to hypoxic stress (Fig. 5B , compare 0 h and 4 h for Perk ϩ/ϩ and Perk Ϫ/Ϫ ) without a concomitant increase in total cellular mRNAs (Fig. 5A, 0 h versus 4 h ). Other validated candidates demonstrated similar translational induction in the absence of changes in total cellular mRNAs; these included Hyou1, Grb10, IGFBP2, and Col6a (see Fig. S1 in the supplemental material). Only 5.4% of the well-represented genes on the microarray demonstrated any translational dependence on Perk expression (genes induced Ͼ1.5-fold in the polysome fractions exclusively in Perk ϩ/ϩ cells without a concomitant Ͼ2-fold induction in the total mRNA relative to the number of total genes that demonstrated reliable signal by microarray, 1,254/25,055; Table 1 ). However, not all hypoxia- (Fig. 6 ). Both Perk ϩ/ϩ and Perk Ϫ/Ϫ cells demonstrated a strong transcriptional (Fig. 4A and C) and translational ( Fig. 6B and C) induction in ATF3 expression during hypoxic stress. We previously demonstrated that ATF3 responded to hypoxic stress by an increase in total cellular mRNA and by an increase in its polysome association (9); this study, however, demonstrates that induction of ATF3 in response to hypoxic stress is not dependent on Perk expression, a finding that has been corroborated by S. M. Nemetski and L. B. Gardner (submitted for publication).
As expected, large changes in steady-state mRNA levels in response to hypoxic stress were largely independent of Perk. We did observe, however, a reduced transcriptional (twofold) and translational (threefold) induction in the expression of CHOP/GADD153 in Perk Ϫ/Ϫ MEFs, which correlated with the reduced transcriptional induction of Myd116 (Gadd34) and CA6, two downstream targets of CHOP/GADD153 (Table  2) . Previously, we demonstrated that hypoxic stress resulted in a substantial induction in CHOP expression (7) , an observation that appears to be dependent on the activation of two UPR transcription factors, ATF4 (31) and ATF3 (46) . The observation that CHOP expression was residually induced in Perk (42); however, the contribution of posttranscriptional regulation on VCIP expression had not yet been addressed. To ascertain if VCIP might be regulated in a manner similar to ATF4, through inhibitory upstream open reading frames (uORFs) in its 5ЈUTR, we searched the human VCIP 5ЈUTR and other mammalian orthologs for conserved uORFs and consistently found only one uORF present at the extreme 5Ј region of its 5ЈUTR. Unlike ATF4, which has two conserved uORFs in its 5ЈUTR and is negatively regulated by the second uORF that causes readthrough of the canonical start codon (60, 92), we found no evidence for this mechanism of regulation in the VCIP 5ЈUTR. Interestingly, when we performed a sequence analysis of mammalian VCIP 5ЈUTRs, we noticed significant sequence homology between the human VCIP 5ЈUTR and those of other mammalian species (Fig. 7A) . As hypoxic stress results in reduced cap-dependent translation initiation (4, 16, 50, 59, 91) , internal ribosome recruitment to the VCIP 5ЈUTR may provide an alternative explanation for its translational induction during hypoxic stress. To test if VCIP contained an active Results of Affymetrix MG430_2 microarray analysis used to identify steady-state changes in gene expression during hypoxia. Genespring 5.0 software was used to compare Perk ϩ/ϩ and Perk Ϫ/Ϫ 4 h total to 0 h total RNA to determine gene changes induced Ͼ2-fold. Genes were functionally clustered and referenced if previously identified in the literature. Only named genes are included in this list; expressed sequence tags were omitted.
IRES element, we cloned its 5ЈUTR into a ␤-Gal/CAT bicistronic vector (Fig. 7B) . This construct is transcribed as a single capped mRNA with a short intercistronic sequence separating the 5Ј␤-Gal cistron and the 3ЈCAT cistron. Translation of ␤-Gal is regulated by cap-dependent translation, whereas CAT translation can only be initiated by a bona fide IRES element capable of initiating cap-independent translation. The viral EMCV IRES cloned into the bicistronic vector was used as a positive control, whereas the empty bicistronic vector was included as a negative control. In addition, we created deletion mutants within the VCIP 5ЈUTR to help define the region(s) of IRES activity (Fig. 7B ). Significant CAT activity was detected in extracts from cells transfected with the ␤-Gal/VCIP/ CAT or ␤-Gal/EMCV/CAT bicistronic construct. As expected, no CAT expression was detected in cell extracts from ␤-Gal/ EMPTY/CAT-transfected cells (Fig. 7A) . Additionally, a small stem-loop structure was cloned upstream of the ␤-Gal cistron in the ␤-Gal/VCIP/CAT vector. This stem-loop structure creates an obstacle to the scanning ribosome, thereby inhibiting cap-dependent translation. Significant CAT expression was detected in lysates from cells transfected with the HP-␤-Gal/ VCIP/CAT expression vector (Fig. 8A ) in the absence of any measurable ␤-Gal activity, suggesting that the VCIP 5ЈUTR mediates the production of CAT independent of ␤-Gal, as would be expected if an IRES element were present. Deletion constructs were created based on the homology pattern observed across species within the 5ЈUTR of VCIP (Fig. 7A) . No homology was observed within the 1-to 140-bp region; similarly, CAT activity was ablated in this construct compared to the empty vector control, suggesting that, alone, this sequence does not contain an IRES sequence. Most of the homology identified within the 5ЈUTR spanned the sequence between bp 140 and 380, although CAT activity was only marginally active in this construct. Interestingly, only when the sequence spanning bp 1 to 140 was added to the sequence spanning bp 140 to 380 was significant IRES activity observed (Fig. 7A) , suggesting a modular composition of the VCIP IRES. To ensure that VCIP IRES activity could not be explained by spurious splicing or cryptic promoter activity, we compared the quantities of ␤-Gal and CAT cistrons of the bicistronic mRNA by Q-PCR. The ␤-Gal/CAT bicistronic vector is transcribed as a single mRNA; thus, the ratio of ␤-Gal/CAT cistrons should equal 1. In the event that splicing or cryptic promoter activity is present within the 5ЈUTR of VCIP, CAT transcripts would be transcribed independently from ␤-Gal; thus, the quantity of CAT mRNA would exceed that of ␤-Gal mRNA, which could explain increased CAT activity in the absence of ␤-Gal expression. Q-PCR measurements demonstrated no differences in the proportion of ␤-Gal to CAT cistron RNA from cells trans- (Fig. 8B ), indicating that CAT activity measured in the VCIP bicistronic vector resulted from a bona fide cellular IRES within the 5ЈUTR. IRES activity is maintained during hypoxia. To assess whether the putative VCIP IRES could function in a bicistronic context under hypoxic conditions, we transfected U2OS cells with ␤-Gal/EMCV/CAT or ␤-Gal/VCIP/CAT and placed these cells under normoxic or hypoxic conditions; the expression of ␤-Gal and CAT activity in cell extracts was measured. We observed that the CAT/␤-Gal activity decreased approximately 25% in cells transfected with the ␤-Gal/EMCV/CAT vector (Fig. 9B ). This effect is likely an overestimation of the true CAT/␤-Gal activity due to the extreme stability of both ␤-Gal and CAT proteins. Most probably, EMCV IRES activity and global protein translation are similarly diminished in response to hypoxic stress. In contrast, the CAT/␤-Gal activity measured in cells transfected with the ␤-Gal/VCIP/CAT construct remained high, suggesting that the VCIP IRES remains efficiently translated during hypoxic stress despite the substantial inhibition that occurs in protein translation. Moreover, U2OS cells cotransfected with the ␤-Gal/VCIP/CAT vector and a stress-inducible luciferase reporter fused to the 5ЈUTR of ATF4 demonstrate preferential association with polysomes during hypoxic stress (see Fig. S3 in the supplemental material), providing supporting evidence for the preferential translation of VCIP during hypoxic stress.
DISCUSSION
Tumor cell tolerance to hypoxia is an important determinant of the level of hypoxia which can be sustained within a given cell. This intrinsic property drives an adaptive response that results in increased cell survival during periods of heightened cellular stress and can elicit resistance to anticancer therapies. Recently, stresstolerant cell lines were generated by means of repeated cycles of hypoxia and reoxygenation. Weinmann et al. established that hypoxia-resistant cell lines demonstrated cross-resistance to apoptosis induced by etoposide and UV irradiation (98) . Additionally, stress-tolerant tumor cell lines generated by Yao et al. were more invasive and, when injected subcutaneously into nude mice, resulted in faster-growing tumors that demonstrated increased intratumoral angiogenesis (100) .
The rapid and sustained inhibition of protein translation during hypoxic stress is thought to be one mechanism utilized by cells to promote hypoxia tolerance. The coordinated inhibition of protein translation, an energy-costly mechanism, is one energy-conserving strategy exploited by the cell when ATP levels are limited. Global translation inhibition is achieved upon activation of the ISR through the phosphorylation of eIF2␣ by the ER-resident kinase Perk (51) . The luminal domain of Perk is negatively regulated by the ER chaperone BiP/Grp78, which maintains Perk in its inactive state in unstressed cells (6) . During ER stress, the accumulation of unfolded proteins within the ER promotes the dissociation of BiP from the luminal domain of Perk to assist in protein folding. This dissociation results in the activation of Perk through oligomerization and trans-autophosphorylation of the cytoplasmic kinase domain (34) . Similar to ER stress, hypoxia results in the activation of Perk and phosphorylation of eIF2␣ (51), leading to the attenuation of translation initiation and the paradoxical translational induction of ATF4 (9) . ATF4 activates the induction of downstream UPR genes, including CHOP, BiP, and GADD34 (7, 9) . The mechanism of Perk activation, however, has not yet been elucidated. Activation of the ISR constitutes one arm of a larger coordinated program called the UPR. Hypoxic stress similarly results in the activation of other branches of the UPR, including the activation of another ER transmembrane protein, IRE-1 (82) . The role of hypoxic stress in the activation of the UPR has recently been thoroughly reviewed (52) .
Perk has been implicated in promoting cell survival and adaptation in response to a variety of environmental stresses, including ER stress (31, 33) and hypoxia (7, 9, 51) . In response to hypoxic stress, Perk Ϫ/Ϫ MEFs exhibit not only attenuated phosphorylation of eIF2␣ and reduced inhibition of protein synthesis but also reduced survival in vitro and in vivo. Tumors derived from cells with a compromised ISR (Perk Ϫ/Ϫ MEFs, HT29 cells expressing dn-Perk⌬C, and cells expressing an unphosphorylatable knock-in mutant, eIF2␣ S51A ) demonstrate reduced tumor cell viability compared to tumors with an intact ISR and result in smaller tumor growth (7). A growing number of studies now support the idea that mechanisms that regulate global mRNA translation can simultaneously control the translation of individual genes necessary for cell survival and adaptation during stress (7, 9, 50) . We previously demonstrated, through a collective analysis of data generated by microarray of polysome-associated mRNAs during prolonged hypoxic stress, the Perk-dependent translational regulation of ATF4, an important mediator of the ISR (9) . Similar analyses have been previously employed to identify translationally regulated genes involved in the host cell response to poliovirus infection (48), T-cell activation (65) , VHL expression (26) , oncogenic signaling through Ras and Akt (79) and, in a recent time course experiment, hypoxic stress (50) . The exact role that Perk plays in the progression of hypoxia tolerance, however, has not been fully elucidated. A previous microarray study identified several Perk-dependent transcriptionally induced changes in gene expression in an immortalized mouse hippocampal model for oxidative glutamatergic toxicity (61); however, a large-scale analysis of Perk-mediated changes in translation had not been completed prior to this study. Our analysis revealed the Perk-dependent preferential translation of a wide variety of proangiogenic genes, indicating that Perk may play a fundamental role in the translational regulation of a complex process that regulates the development of hypoxia tolerance through multiple pathways. It seems unlikely that any single gene product regulated by Perk is solely responsible for the control of tumor angiogenesis in response to hypoxic stress; rather, the orchestrated expression of many complementary gene products is likely responsible. In this study, we examined how one of our validated candidates, VCIP, an ␣ 5 ␤ 1 and ␣ v ␤ 3 integrin binding protein, is regulated at the translational level. The critical importance of VCIP gene function during angiogenesis is underscored by the observations that anti-VCIP antibodies block basic fibroblast growth factor (bFGF)-and VEGF-induced capillary morphogenesis (97) and that mouse embryos lacking the VCIP gene die between embryonic day 7 (E7) to E10.5 and demonstrate abnormal vascular development (20) . The proangiogenic growth factors, bFGF and VEGF, are capable of eliciting a strong transcriptional induction in VCIP gene expression; however, the posttranscriptional regulation of VCIP had not been previously investigated. Our data establish that hypoxic stress in the absence of exogenous growth factors can initiate a 10-fold induction in the steady-state levels of VCIP transcripts. Moreover, VCIP mRNAs demonstrated a 20-fold translational induction as determined by their increased association with polysomes following hypoxic stress, suggesting VCIP expression is regulated by both transcriptional and posttranscriptional mechanisms. The VCIP 5ЈUTR is unusually long (568 bp) and surprisingly highly conserved across mammalian species. Unlike ATF4, the VCIP 5ЈUTR did not contain multiple conserved uORFs; therefore, the mechanism utilized to maintain its preferential translation during hypoxic stress is not likely ribosome shunting or reinitiation. Instead, our data support the presence of an active IRES element within its 5ЈUTR, which may in part explain its preferential translation when global translation is largely inhibited. Using deletion constructs of the hVCIP 5ЈUTR, we were able to determine that the VCIP IRES element is present between 1 and 380 bp. Removing the bp 1 to 140 from this construct, however, abolishes any IRES activity despite our observation that the sequence between bp 1 to 140 alone does not contain any IRES activity, suggesting that this sequence is necessary to determine the optimal secondary structure of the VCIP RNA for IRES-mediated translation. Numerous studies have identified hypoxia-responsive genes that employ IRES elements to maintain their translational priority during stress; these include the platelet-derived growth factor (PDGF) (5), HIF1␣ (54), VEGF (66, 90) , BiP (62), TIE-2 (74), and ornithine decarboxylase (77) genes. The importance of IRES-mediated translation is revealed by the observation that mRNAs that contain IRES elements encode proteins that play important roles in cell growth, proliferation, differentiation, and the regulation of apoptosis, these being cellular programs that are often usurped by malignant cells (40) . This observation suggests that IRES-mediated translation may be an important mechanism utilized by the cell to maintain and induce gene expression in order to mediate cellular adaptation and cell viability when cells are faced with stressful microenvironments. A possible connection between eIF2␣ phosphorylation and IRES translation has also been proposed. The activities of cat1, PDGF2, VEGF, and c-myc have been shown to increase either during differentiation or in response to various cellular stresses that increase the phosphorylation of eIF2␣ (21, 27) . The mechanism for eIF2␣ phosphorylationmediated IRES expression is not clear, as the phosphorylation of eIF2␣ results in the inhibition of ternary complex formation, a requirement for the initiation of all cellular mRNAs, including those that are regulated by cap-independent mechanisms. Whether eIF2␣ phosphorylation-sensitive IRES elements require specific trans-acting factors to mediate their translational activation during cellular stress has not been elucidated, but this requirement could help to explain their dependence on the phosphorylation of eIF2␣. Alternatively, mRNAs with IRES elements may compete with other cellular mRNAs for the limited translational machinery to ensure their translational priority during times of reduced protein synthesis. Another explanation includes the possibility that eIF2␣ is not the only substrate of the Perk kinase and that, in fact, other molecules may be modulated by direct Perk phosphorylation. Interestingly, in response to ER stress, eIF2␣ S51A cells failed to induce approximately one-third of the genes that are normally induced by ER stress (61), suggesting Perk is capable of mediating eIF2␣-independent gene regulation. Recently, the bZIP transcription factor Nrf2 was identified as a second Perk substrate (17) . In response to Perk activation, Nrf2 is phosphorylated by Perk, which promotes its dissociation from Keap1, thereby facilitating its translocation to the nucleus, where it binds and activates the transcription of antioxidant genes (93, 94) . Aberrant Nrf2 regulation may help to explain why cells experience increased oxidative stress in the absence of Perk. Whether the translational regulation of the cohort of proangiogenic genes discussed here is done predominantly by eIF2␣ phosphorylation or whether they represent novel targets of Perk phosphorylation remains to be investigated.
The significance of Perk's role in regulating the translation of proangiogenic genes is emphasized by our observation that a wide variety of angiogenic genes involved in different braches of the angiogenic response demonstrated increased polysome association following hypoxic stress. Included in the Q-PCRvalidated candidates is a matrix metalloproteinase, MMP13.
MMP-mediated extracellular matrix and basement membrane dissolution is an essential event for endothelial cell activation, migration, and capillary formation. More recent studies have implicated MMP expression in earlier steps of tumor evolution, including the stimulation of cell proliferation and modulation of angiogenesis (23, 24) . The hMMP13 gene was originally identified in breast carcinoma, and its expression has since been related to other malignancies (25) . The expression of hMMP13 has also been linked to the progression of rheumatoid arthritis in the synovial membrane, a disease that shares features with tumor invasion (58) . Remarkably, hMMP13 transcripts are translationally silenced by the interaction of its 3ЈUTR and the nucleocytoplasmic shuttling protein TIAR (15) ; to our knowledge, however, we are the first to describe the translational induction of MMP13 during hypoxic stress. VCIP may be similarly regulated, as it has been demonstrated to contain an unusually long 3ЈUTR (Ͼ2 kb). We found it to contain two 15-lipoxygenase differentiation control element (15-LOX-DICE) sequences. The CU-rich 15-LOX-DICE is one of the best characterized 3ЈUTR control elements (80) . Translational inhibition is mediated by the formation of a binary complex between the 15-LOX-DICE and KH domain proteins hnRNP E1 and K. Minimally, two 15-LOX-DICEs are required to confer translational repression of a transcript, and two to four repetitions per transcript is average. However, as many as 31 repetitions have been identified in a single 3ЈUTR (quail myelin protein mRNA) (80) . In light of this observation, we are currently undertaking efforts to determine if the 3ЈUTR and 5ЈUTR of VCIP mutually regulate its posttranscriptional expression under aerobic and hypoxic conditions.
What is the physiological role for Perk in the translational regulation of these proteins in the development of hypoxia tolerance? Cells with a compromised ISR pathway demonstrate severe sensitivity to hypoxia (51) and pharmacological agents that promote ER stress (33) . Our studies corroborated findings from Bi et al., as tumors derived from transformed Perk Ϫ/Ϫ MEFs are smaller than their wild-type counterparts. Furthermore, we made the observation that these tumors remained pale in color and did not appear to recruit angiogenic vessels as did wild-type tumors. In a mouse model of angiogenesis where tumor cells were cocultured with AP-expressing human microdermal endothelial cells, we made the observation that the tumor microenvironment imparted by Perk Ϫ/Ϫ cells resulted in abortive angiogenesis. Inappropriate levels of the constellation of ligands and receptors required during vessel maturation can result in the production of abnormal vessels. Maturation requires the recruitment of mural cells, the generation of an extracellular matrix, and specialization of the vessel wall for structural support (44) . Expression of PDGF-B and ligation to its receptor (PDGFR-␤) are required for the recruitment of pericyte progenitor cells and the eventual onset of vessel maturation (14, 44) . The significance of PDGF-B during angiogenesis is underscored by the observation that PDGF-B-deficient mice die in utero at day E7.5 due to the inability to assemble mature vasculature in several organs (36, 44, 56, 57, 88) . Furthermore, PDGF expression has been demonstrated to decrease over the progression of vessel maturation, indicating its requirement during the onset of maturation. Similar to hypoxic stress, cellular differentiation results in the inhibition of global protein synthesis, which correlates with the phosphorylation of eIF2␣. Gerlitz et al. have demonstrated that IRES-mediated translation of PDGF during differentiation is dependent on the phosphorylation of eIF2␣ (27) . Although we were unable to detect any changes in PDGF expression by microarray, our analysis did reveal a Perk-dependent 2.6-fold induction in the translational efficiency of its receptor, PDGFR-␤, whereas its expression in Perk Ϫ/Ϫ MEFs was undetected relative to background (data not shown). Also critical for vessel formation and stabilization are the Tie receptors (Tie1 and Tie2). As mentioned previously, Tie2 is preferentially translated by an IRES element within its 5ЈUTR during hypoxic stress; however, whether IRES activity is dependent on eIF2␣ phosphorylation has not yet been determined.
Taken together, our data support the notion that Perk serves to fine-tune the translational efficiency of a subset of proangiogenic mRNAs during the course of hypoxic stress. Importantly, the inability to signal through Perk resulted in smaller tumor growth due in part to disregulated angiogenic signals that produced nonfunctional blood vessels. We propose that the translational regulation conferred by Perk in response to acute hypoxic stress represents a critical aspect in the development of hypoxia tolerance and in tumor growth. Results from this study further support the notion that Perk remains an attractive target for novel anticancer therapies.
